We describe a cell-based kinetic profiling approach using impedance readout for monitoring the effect of small molecule compounds. This noninvasive readout allows continuous sampling of cellular responses to biologically active compounds and the ensuing kinetic profile provides information regarding the temporal interaction of compounds with cells. The utility of this approach was tested by screening a library containing FDA approved drugs, experimental compounds, and nature compounds. Compounds with similar activity produced similar impedance-based time-dependent cell response profiles (TCRPs). The compounds were clustered based on TCRP similarity. We identified novel mechanisms for existing drugs, confirmed previously reported calcium modulating activity for COX-2 inhibitor celecoxib, and identified an additional mechanism for the experimental compound monastrol. We also identified and characterized a new antimitotic agent. Our findings indicate that the TCRP approach provides predictive mechanistic information for small molecule compounds.
INTRODUCTION
Drug discovery and development is both a time-and resourceintensive endeavor that is not always guaranteed to result in safe and efficacious drugs. This problem was recently highlighted by issuance of a safety alert by the FDA for the diabetes drug Avandia and also the withdrawal of the pain medication Vioxx from the market (Nathan, 2007; Slordal and Spigset, 2006; Topol, 2004) . At least part of the explanation centers on the fact that modern drug discovery has mostly undertaken a target-centric approach while the ultimate effect of drugs are the culmination of on-target and less well understood off-target interactions (Abraham, 2006) . The potential interaction of drugs with unintended targets or pathways could either prove fatal, leading to toxicity and unwanted side effects, or could prove to be beneficial. It is imperative to come up with strategies to identify and understand the specific biochemical nature of the ontarget activity as well as off-target activity of lead compounds earlier in the drug discovery process in order to optimize structural features leading to desirable outcomes, while avoiding or minimizing less desirable attributes. To address this issue a number of multidimensional high throughput phenotypic approaches have been proposed to assess the global responses to specific perturbations in cells.
Multidimensional phenotypic profiling approaches including gene expression profiling, proteomic profiling, protein-fragment complementation profiling, high content microscopy-based profiling, and cell line cytotoxicity-based profiling have the capacity to measure both the interaction of compounds on intended targets and also to generate testable hypotheses concerning mechanism of action and off-target effects (Gunther et al., 2003; Hieronymus et al., 2006; Leung et al., 2003; MacDonald et al., 2006; Marton et al., 1998; Perlman et al., 2004; Scherf et al., 2000; Wei et al., 2006; Weinstein et al., 1997; Young et al., 2008) . In all cases a very large information-rich data set is generated that can be used to cluster compounds based on profiles and search for specific patterns of activity. All the profiling approaches have had various degrees of success not only in elucidating mechanism of action of unknown compounds, but also unraveling new and novel targets for existing drugs.
The extent to which protein targets are modulated by drugs or small molecule compounds is dependent on a number of factors, including expression levels of the target, the effective concentration of the compound, and, importantly, the time needed for the compound to perturb the target. Some compounds can be fast acting, such as agonists of certain G protein-coupled receptors or ion channels, leading to immediate biochemical and cellular changes, while others can have a more prolonged effect. One of the limitations of current multidimensional phenotypic profiling approaches is that typically a single time point after compound addition is chosen to assess the effect of the compound and therefore the conclusion regarding mechanism of action is based on the time point at which the samples are processed. It can be envisioned that if the effect of the compound is manifested at any other time, or if a compound has multiple and kinetically distinct effects, it can be easily overlooked. To address this limitation, we have devised a live cell morphological profiling approach for dynamic monitoring of the effect of small molecule compounds that is based on impedance measurement of cells growing on microelectronic sensors integrated in wells of microtiter plates (Atienza et al., 2006) . Microelectronic-based monitoring of cells using impedance was first described by Giaever and Keese (1984) and the key feature of this approach is that it is a noninvasive readout and cellular responses to treatments can be continually sampled inside the well throughout the length of the assay (Giaever and Keese, 1993) . The ensuing kinetic profile can provide information regarding the temporal interaction of the compounds with the cells. In this paper, we tested the utility of impedance-based profiling approach by screening and profiling a small compound library containing 2000 compounds of FDA approved drugs, experimental biological compounds, and nature compounds (Kocisko et al., 2003) . We found that small molecule compounds with similar biological activity produced similar impedance-based time-dependent cell response profiles (TCRPs). Due to the kinetic nature of the profiling approach both short-term and long-term compound activity can be measured, allowing for detection of temporally isolated but distinct activities of small molecules and potentially off-target effects. These findings indicate that using impedance-based monitoring and profiling of cellular response upon exposure to biologically active compounds can provide incisive and quantitative information and novel mechanisms for existing drugs as well as experimental biological compounds and can be used to complement other profiling approaches.
RESULTS
We have designed a real-time cell electronic sensing (RT-CES; now known as xCELLigence RT-CA) system ( Figure 1A ) that uses microelectronic plates (E-Plates) integrated with gold microelectrode arrays on glass substrate in the bottom of the wells to measure cellular status in real time (Solly et al., 2004) . In the presence of media, application of low AC voltage (10 mV) produces a small electric field between the electrodes that can be impeded by the presence of adherent mammalian cells leading to large changes in measured impedance ( Figure 1A ). The extent of impedance change is proportional to the number of cells inside the well and the inherent morphological and adhesive characteristics of the cells. Figure 1B shows the time-and density-dependent growth and proliferation of four different cell lines in the E-Plates. Each cell line produces its own distinct growth kinetic profiles due to unique morphological, adhesive, and growth rate characteristics. Since it is well established that cellular properties at the level of cell number, morphology, and adhesive interactions can be differentially modulated by biologically active compounds (Abraham et al., 2008; Wang et al., 2008; Young et al., 2008) we sought to determine how modulation of these parameters by small molecule compounds affect the impedance readout. Figure 1C shows the time-dependent effect of two cytotoxic compounds, the general kinase inhibitor staurosporine and the anti-metabolite 5-fluorouracil (5-FU), on A549 cells. Even though both of these compounds are well known apoptotic inducers, they produced unique dose-dependent cell response profiles and TCRPs. Interestingly, staurosporine appears to have an immediate effect on the cells, while 5-FU takes a longer time to manifest its effect. It was of interest to determine if the TCRP can be predictive of biological mechanism; for example, do compounds with similar mechanism produce similar TCRP?
To test the hypothesis that TCRP can be predictive of mechanism of compound action, a 2000 compound library consisting of FDA approved drugs (50%), natural products (29%), bioactive compounds (18%), and herbicides and insecticides (3%) were screened against A549 non-small lung cancer cells and PC3 prostate cancer cell lines using the RT-CES platform. While TCRPs can be generated from both cell types, for the purposes of this paper we will primarily show the data from A549 cells and only discuss the data from PC3 cell lines for comparative purposes. We measured both short and long-term compound effects. For short term, the compound effect was monitored every 2 min after compound addition for a total duration of 1 hr. The high sampling frequency ensures the acquisition of immediate and transient compound effects on the cell. The shortterm monitoring is automatically proceeded by long-term monitoring protocol collecting the data every 30 min from 1 hr to 48 hr after compound addition. This time duration was chosen for the long-term response because it would allow sufficient time for the compounds to interact and modulate their target(s) and also result in sufficiently distinguishable TCRPs. Two complementary approaches were undertaken to select the hits from the screen. First, compounds were divided between those resulting in short-term and long-term response. For short-term response, any compound resulting in normalized cell index change equivalent to 25% or greater of the mean of the control (DMSO) at any time point between compound addition and 1 hr later were chosen as a ''hit.'' For long-term responses, the criterion for hit selection was a change in normalized cell index of 40% or greater of control at any time point between 1 hr after compound addition until the end of the screen. However, if a compound resulted in normalized cell index values higher than control for the entire duration of the long-term response, then the hit selection criteria was set at 25% of control. The above hit selection criteria of 25% or 40% over control for short-term and long-term hits are chosen based on the consideration that a false positive hit rate should be controlled at about 10%, taking into account the assay variation in the RT-CES platform. These criteria not only allow for the identification of compounds with biological activity but also sufficiently distinguishable TCRPs to be used for clustering analysis. The 1 hr selection for short-term response is mainly based on consideration for identifying fast responding cellular events and is used as a demonstration of the concept of separating time series data into different segments for analysis. For other cells or other data from the RT-CES platform, it may be possible to use different time windows for classifying the cell response types. Based on the hit selection criteria described we identified a total of 190 short-term and 261 longterm hits using A549 cells. Performing the screen in PC3 cells and applying the same criteria for hit selection resulted in a total 160 short-term and 440 long-term hits, with 75 common hits between A549 in the early response and 104 common hits with A549 cells in the late response. These results indicate that by expanding the cell type for screening and profiling, it may be possible to cover a larger subset of intracellular targets.
The hits from short-term response was treated as one group and the hits from long-term response was subjected to an agglomerative hierarchical clustering analysis as described in the Experimental Procedures (Figure 2A) . A complete list of the clustered compounds is shown in Figure S2 (available online). If TCRPs are indicative of biological activity then compounds with similar biological activity would be grouped together. Indeed, we could identify at least five clusters and subclusters based on comparison with compounds with known mechanism that can be associated with different mechanistic classes such as calcium level and pathway modulators, steroidal nuclear receptor modulators, antimitotics, DNA damaging agents, and protein synthesis inhibitors ( Figure 2A ; Figures S1-S5 ).
The hits that were selected for their short-term response were treated as one group and displayed two related impedance- based TCRPs ( Figure 2B ). In both instances there was an immediate drop in cell index (within 5 min) followed by either partial or complete recovery of the cell index curve similar to control curve or, alternatively, the other group continued to maintain very low cell indices after the initial decline most likely due to cytotoxicity. Analysis of the compounds with known mechanisms in these groups revealed that the majority of these compounds are antagonists of various G protein-coupled receptor signaling pathways including that of histamine, dopamine, and serotonin receptors ( Figure 2B ; Figure S2 ). Interestingly, most of these compounds displayed similar TCRP in PC3 cells as well (data not shown), indicating their mode of action and consequent morphological cellular response is similar in both cell lines. Based on structural considerations, the hits with known mechanisms in this category can be divided into several structurally related groups of compounds, including thioxanthenes, phenothiazines, dibenzazepines, dibenzoxazepines, selective estrogen receptor modulators, dihydropyridine, and estrogenic compounds ( Figure 2B ). Closer examination of compounds in this category revealed another common underlying mechanistic feature, which is modulation of intracellular calcium levels or pathways (Continued) Chemistry & Biology Impedance-Based Cell Response Profiling within the cells either directly or indirectly. For example, the compound amlodipine besylate is a well know L-type voltagegated calcium channel inhibitor, while triflupromazine and other phenothiazines are known to interfere with the pleiotrophic effect of calcium/calmodulin action on intracellular pathways (Epstein et al., 2007; Motohashi, 1991) . Interestingly, selective estrogen receptor modulators such as tamoxifen, a well known estrogen receptor antagonist, also resulted as a hit in this category. Indeed, tamoxifen can cause an increase in intracellular calcium concentrations in a number of cell types (Greenberg et al., 1987; Zhang et al., 2000) . Furthermore, there is also evidence that tamoxifen can directly bind and inhibit calmodulin (Lam, 1984) .
A number of nuclear hormone receptor agonists, including those that modulate glucocorticoid receptor, mineralcorticoid receptor, progesterone receptor, and androgen receptor, clustered together ( Figure 2C and Figure S3 ). The unique TCRP for this category is characterized by an increase in cell index above the control curve throughout the length of the assay. We have also observed similar TCRP for agonists of peroxisome proliferator activated receptor and retinoic acid receptor (data not shown). The fact that modulators of all of these nuclear hormone receptors display similar TCRPs suggests that in addition to their specific effects they share common mechanisms leading to similar cellular effects. One of the common features of nuclear hormone receptors is that they can induce G1 arrest in certain cell types (Wu et al., 2006) , possibly through upregulation of cyclin-dependent kinase inhibitors (Addeo et al., 2004) . Interestingly, using a high content microscopy profiling approach, Young et al. (2008) also observed that most corticosteroid compounds clustered as a group that they identified as G1 arrest phenotype. However, the nuclear receptor-like responses using impedance measurement appears to be cell type specific as we did not observe similar response profiles for these groups of compounds in PC3 cells (data not shown).
Another group of compounds whose TCRP coclustered are well characterized modulators of tubulin polymerization ( Figure 2D ; Figure S4 ). The impedance-based TCRP for these compounds are characterized by an initial steady decline in cell index followed by recovery after about 14-16 hr after treatment. This category includes compounds such as paclitaxel, colchicine, nocadazole and nocadazole-related compounds, and podophyllotoxins. Our screening assay does not seem to distinguish between agents stabilizing microtubules such as paclitaxel and agents that disrupt or prevent tubulin polymerization such as nocadazole (Jordan and Wilson, 2004) . It is likely that the TCRP we observe here is reflective of a common underlying global cellular response to these classes of compounds such as cell cycle arrest at mitosis, characterized by unique morphological features such as cell rounding and transient detachment of the cells (Jordan and Wilson, 2004) . To better understand this pattern, we treated cancer cells with paclitaxel and fixed and stained the cells with antitubulin antibodies at different time points after treatment ( Figure S6 ). The initial decline in cell index correlates with morphological changes due to cell rounding as a result of mitotic arrest. At 16 hr, which is coincident with the lowest point of cell index in the TCRP, the majority of the cells (85%-90%) are arrested at mitosis determined by intense staining of the spindle apparatus by antitubulin antibody. The recovery of the cell index 24 hr after treatment correlates with a subpopulation of cells escaping the arrest and are larger cells that have failed to undergo cytokinesis. This phenomenon has been described as mitotic slippage and is observed in cell types lacking a robust mitotic checkpoint (Weaver and Cleveland, 2005) . In addition, nontubulin-targeting compounds, such as monastrol, which inhibits the mitotic kinesin Eg5, also display similar TCRP as those of tubulin-targeting agents in our assays (see Figure 4) . Collectively, the data demonstrate the impedance-based TCRPs are a reflection of global cellular morphological responses to antimitotic agents and represent a unique signature for mitotic arrest. Exposure of a panel of six other cell types to paclitaxel and other tubulintargeting agents resulted in overall similar TCRPs ( Figure S6B ).
Another major subcluster in our analysis is composed of compounds interfering with DNA synthesis, unwinding and replication, and transcription and translation. The TCRP for these compounds is characterized by an initial and sustained increase in cell index above that of the control followed by a decrease in cell index below control levels, reflecting an ultimate cytotoxic response ( Figure 2E ). These compounds primarily include topoisomerase inhibitors and antimetabolites ( Figure 2E ; Figure S5 ). Within this cluster, we also observed a subcluster containing TCRPs for compounds inhibiting protein translation such as cyclohehimide and emetine ( Figure 2F ). The compounds in this category are also known to induce cell-cycle arrest primarily at G1, S, or G1/S transition followed by induction of cell death.
The data thus far support the hypothesis that TCRP can be used to cluster compounds with similar mechanism of action. However, the utility of such an approach is best determined by the predictive value it may provide as a compound screening or profiling tool. We next analyzed the TCRP within each cluster to determine its predictive capacity for compounds with unknown mechanism or other reported mechanisms.
We analyzed the compounds in the calcium level and pathway modulators group and noticed that the TCRP for celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, was present in this group. COX-2 inhibitors, such as rofecoxib, valdecoxib, deracoxib, and celecoxib, have received considerable attention recently due to cardiotoxicity side effects and all these compounds were present in the library ( Figure 3A) . Interestingly, at the concentrations at which the screen was conducted only celecoxib resulted as a hit among the four structurally related compounds. Based on the immediate TCRP for celecoxib, the prediction is that celecoxib may be modulating calcium levels within the cell. Indeed, it has been shown previously that celecoxib treatment leads to an immediate increase in internal calcium levels within the cell (Pyrko et al., 2007; Tanaka et al., 2005) . To confirm this observation, we measured calcium levels in A549 cells after treating with different doses of celecoxib and thapsigargin as positive control. Celecoxib treatment led to a dose-dependent increase in calcium, as shown previously ( Figure 3B ).Testing rofecoxib at the same doses did not lead to any detectable calcium release (data not shown). These results support the argument that in addition to inhibiting COX-2, celecoxib may function by alternative mechanisms, especially at doses ultimately resulting in cytotoxicity (Kardosh et al., 2008; Pyrko et al., 2007) . From a structure activity relationship, it is interesting that all the COX-2 inhibitors shown in Figure 3A share a common backbone structure, yet the unique side group modifications of celecoxib afford it the ability to modulate intracellular calcium levels. This observation also underscores the challenge in target-driven drug discovery where it is easy to introduce and overlook activities unrelated to the target during the lead optimization process.
In the nuclear hormone modulator cluster we identified the compound rifampin, an antibiotic used for the treatment of tuberculosis (Zhang and Amzel, 2002) (Figure 3C ; Figure S2 ). Rifampin acts directly on messenger RNA synthesis in prokaryotes by inhibiting DNA-primed RNA polymerases, especially those of gram-positive bacteria such as Mycobacterium tuberculosis. Rifampin has been shown to act as an agonist for glucocorticoid receptors (Calleja et al., 1998) .
Close examination of the compounds resulting in mitotic arrest TCRP revealed that there are other compounds and drugs not readily recognized for their antimitotic activity ( Figure S4 ). One of these is estradiol, estrogen receptor agonist ( Figure 3D ). It has been shown that estradiol and some of its analogs disrupt microtubule polymerization by directly binding to tubulin (AizuYokota et al., 1994; Bogatcheva et al., 2007; Tinley et al., 2003) . As a matter of fact, one of the breakdown products of estradiol with antiproliferative and tubulin binding properties, 2-methoxyestradiol, is currently in clinical trials for metastatic breast cancer (James et al., 2007) .
In a separate screen in A549 cells we also identified the compound dibenzyltrisulfide (DBTS), a bioactive natural compound found in a subtropical shrub, Petiveria alliacea (Rosner et al., 2001) , displaying similar TCRP as that of epothilone B ( Figure S6C ). Based on the TCRP pattern, we hypothesized DBTS may induce mitotic arrest by targeting tubulin polymerization. Indeed, treatment of MCF-7 cells with DBTS disrupts the microtubule cytoskeleton compared to cells treated with DMSO ( Figure S6D ). To determine if DBTS directly target tubulin polymerization, microtubule assembly assay was performed in the presence of increasing concentrations of DBTS ( Figure S6E ). DBTS dose dependently inhibited tubulin assembly into microtubules, suggesting that it induces mitotic arrest by directly targeting tubulin polymerization.
In the DNA-damaging subcluster a group of compounds known as cardiac glycosides were identified. These compounds are members of the digoxin family widely used for treatment of heart conditions (De Mey and Snoeck, 1980) . They act by inhibiting the sodium/potassium (Na/K) ATPase pump in heart cells, slowing down the extrusion of calcium and causing increased contractility. In our screen, digoxin and related compounds coclustered with compounds inducing DNA damage such as topoisomerase inhibitors ( Figure 3F ). These results are corroborated by recent publications demonstrating certain cardiac glycosides can inhibit topoisomerase I and II, providing an explanation for the similarity in their TCRP with DNA damaging agents (Bielawski et al., 2006; Lopez-Lazaro et al., 2005) . Interestingly Young et al. (2008) , using high content microscopy also demonstrated cardiac glycoside family coclustered with DNA damaging agents.
One of the major obstacles in the target-centric approach to drug discovery is lack of a methodology for identifying and understanding potential off-target effects. We wanted to determine if the TCRP approach can be used to identify off-target activity of compounds. Testing the compound monastrol in A549 cells resulted in a biphasic, short-and long-term TCRPs ( Figure 4A ). The long-term TCRP is similar to antimitotic agents as expected based on the reported mechanism of action of monastrol (Mayer et al., 1999) and was confirmed by phosphohistone H3 staining ( Figure 4A, right) . The short-term response, while unexpected, resembles the profile of compounds modulating intracellular calcium levels ( Figure 2B ) and also leads to a transient change in cell morphology as judged by staining of the actin cytoskeleton (data not shown). The compound S-trityl-cysteine, another Eg5 inhibitor (DeBonis et al., 2004) , also led to mitotic arrest TCRP but did not induce the early phase response ( Figure 4A ). This observation indicated the calcium modulator-like response maybe an off-target effect or additional mechanism of monastrol, rather than relating to inhibition of Eg5. Searching the literature using the chemical name for the core structure of monastrol, 6-methyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate, yielded at least one reference indicating compounds resembling monastrol contain calcium channel antagonistic activity (Kumar et al., 2002) . We sought to test the possibility that monastrol treatment may modulate the activity of voltage-gated L-type calcium channels. This was tested by measuring calcium uptake through voltage-gated L-type calcium channel Cav1.2 stably expressed in HEK293 cells. The data in Figure 4B shows that at concentrations at which monastrol induces mitotic arrest TCRP ( Figure 4A ), it significantly blocks calcium uptake (about 70% inhibition) through Cav1.2 channels, while S-trityl-cysteine did not have any significant effects. Nifedipine, a known inhibitor of voltagegated L-type channels, potently inhibited (94.7%) calcium uptake in this assay. While we can't rule out other mechanisms, the data is consistent with the prediction that monastrol can modulate L-type voltage-gated calcium channel activity in addition to targeting Eg5.
DISCUSSION
The approach described in this paper brings to bear two important features of impedance-based monitoring of cellular response upon compound treatment that are important for generating mechanism-specific profiles. First, the interaction of 
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Impedance-Based Cell Response Profiling adherent cells with the microelectrodes and generation of impedance response is dependent on three cellular parameters, namely, cell number, morphology, and attachment quality. All three parameters are intricately linked to signaling pathways regulating various facets of cellular physiology and therefore amenable to modulation by biologically active small molecule compounds in a manner that is dependent on mechanism and concentration of the compound being tested. Rather than measuring compound activity against a single target or pathway, our approach allows for expansion of the biological space at which a compound is screened and provide ample opportunity to identify biological activity of small molecule compounds in an unbiased manner. Because the impedance readout is noninvasive, it allows for the other critical feature of our approach, which is inclusion of time resolution in the screening assay. Time-dependent compound interaction with cells and unique modulation of cell number, adhesion, and overall morphology ultimately cumulate in TCRP, which can be used to distinguish between compounds with different activities. The time factor is critical in assessing compound activity(s) as the modulation of the target by the compound or consequent manifestation of the cellular response can be time dependent. Therefore, the results obtained by other screening and profiling approaches are dependent on the time point at which the assay is processed and any activity that may manifest itself at a time other than the end point can be missed.
We have demonstrated the importance of the temporal resolution in the assay by using the TCRP to predict a calcium-modulating activity for celecoxib, a COX-2 inhibitor ( Figures 3A  and 3B ). Our observation is supported by recent papers, indicating some aspects of celecoxib activity may be COX-2 independent (Kardosh et al., 2008; Pyrko et al., 2007) . The time-dependent dual activity of monastrol also highlights the predictive aspect of our current approach. The TCRP allowed us to identify a potential calcium channel inhibitory activity of monastrol not described previously (Figure 4) .
While the data presented here support the hypothesis that TCRP can be predictive of mechanism of action and potential off-target drug interactions, we feel that the overall predictive value of the system can be improved by performing the screen and clustering, taking into account the dose response of the compounds and by expanding the pool of cells. Similar to the NCI 60 cell line panel, the TCRP of compounds across multiple cell lines would allow greater coverage of the expanse of targets being screened and can improve the predictive capacity of the assay. Because the assay is not limited to cell lines or genetically modified cells, primary or disease-relevant cell types can also be used, making the predictive value of the assay more physiologically relevant. Finally, the TCRP approach can be an important complement to previously described compound profiling approaches such as high content microscopy. The time resolution of impedance-based TCRP can be combined with the multiplexing power of high content microscopy to focus in on specific cellular responses to drugs or compounds and further resolve the on-or off-target drug interactions.
SIGNIFICANCE
The extent to which protein targets are modulated by drugs or small molecule compounds is dependent on a number of factors, including the expression levels of the target, the effective concentration of the compound, and the time needed for the compound to perturb the target. One of the limitations of current multidimensional phenotypic profiling approaches is that typically a single time point is chosen to assess the effect of compounds and the conclusion regarding the mechanism of action of the compound is based on the time point at which the samples are processed. It can be envisioned that if the effect of the compound is manifested at any other time, or if a compound has multiple and kinetically distinct activities, it can be overlooked. The TCRP approach described in this work addresses this limitation because the profile generated is time dependent and, in combination with measurement of cell number, morphology, and adhesion, allows greater expansion of the ''biological space'' at which compounds are screened and provides ample opportunity to detect and identify biological activity associated with small molecules. The utility of the TCRP approach was demonstrated by identifying activities and ''off-target effects'' for certain drugs currently in use in the clinic and experimental compounds. The time resolution provided by the TCRP approach can be used in conjunction with phenotypic profiling approaches to obtain additional mechanistic data associated with small molecule compounds.
EXPERIMENTAL PROCEDURES
Cell Culture All the cells used in this study were purchased from American Type Culture Collection. Cells were cultured in a standard humidified incubator at 37 C with 5% CO 2 according to optimal media and growth conditions specified by American Type Culture Collection.
Reagents
All the reagents were purchased from Sigma unless indicated otherwise.
The Spectrum 2000 compound library was purchased from MS Discovery. Phospho-histone H3 (Ser 10) antibody was purchased from Cell Signaling Technologies.
Time-Dependent Cell Response Profiling Using the RT-CES
The RT-CES system has been described previously (Atienza et al., 2006; Solly et al., 2004) . For time-dependent cell response profiling, 90 ml of media was added to 96 well E-Plates to obtain background readings followed by the addition of 100 ml of cell suspension. The E-Plates containing the cells were allowed to incubate at room temperature for 30 min and placed on the reader in the incubator for continuous recording of impedance as reflected by cell index. After 20-24 hr the cells were treated with the compounds from the library. To prepare the compounds for screening, 2 ml of compounds (10 mM) dissolved in DMSO were transferred from the compound plate to 96 well round bottom microtiter plates and diluted with 50 ml of cell growth media. Ten microliters of the diluted compounds were then transferred to the E-Plate containing the cells (20 mM final) . Each compound dilution plate also contained DMSOonly diluted wells as well as media-only wells in addition to wells containing 25 nM paclitaxel and 1 mM MG132. The cells were monitored every 2 min for the duration of 1 hr after compound addition to capture the short-term response and for every 30 min from 1 hr after compound addition to about 48 hr to capture the long-term response.
Impedance and Cell Index Measurements by RT-CES System
To quantify cell status based on the measured cell-electrode impedance, a parameter termed cell index (CI) is derived, according to the following equation:
where R b (f) and R cell (f) are the frequency-dependent electrode resistances (a component of impedance) without cells or with cell present, respectively. N is the number of the frequency points at which the impedance is measured. Thus, cell index is a quantitative measure of the status of the cells in an electrode-containing well. Under the same physiological conditions, more cells attaching onto the electrodes leads to larger R cell (f) value, leading to a larger value for cell index. Furthermore, for the same number of cells present in the well, a change in the cell status such as morphology will lead to a change in the cell index. A ''normalized cell index'' at a given time point is calculated by dividing the cell index at the time point by the cell index at a reference time point. Thus, the normalized cell index is 1 at the reference time point.
Fluorescence Microscopy A549 cells were seeded in 16 well Lab-tec chamber slides and allowed to attach and spread for 24 hr. The cells were treated with compounds at the indicated final concentrations and fixed with 100% ice cold methanol. The cells were permeabilized in PBS containing 0.2% Triton X-100, washed and blocked with PBS containing 0.5% BSA, followed by staining with either FITC-conjugated antitubulin antibody or anti-phospho-histone H3 antibody (S-10). The cells were washed three times with PBS, treated with anti-fade reagent containing DAPI (Invitrogen), and visualized and imaged using a Nikon E400 epifluorescence microscope and Nikon ACT software.
Calcium Measurements A549 cells and HEK293 cells stably expressing hCav1.2 a and b cDNAs (Chantest) were seeded in 96 well clear bottom black wall plastic culture plates and transferred to a recording chamber of Molecular Devices FLIPR imaging system. Cellular fluorescence was excited by 488 nm illumination through the bottom of 96 well plate by an argon laser and dye fluorescence imaged with a cooled CCD camera. Fluorescence was displayed on line and saved in a file for offline analysis with FLIPRControl software. For calcium measurements, the cells were loaded with 4 mM Fluo-3AM ester dye and 0.4% pleuronic acid in Hanks buffer-phosphate solution (HB-PS) for 1 hr at room temperature. For celecoxib-mediated calcium release, A549 cells were washed twice in HB-PS assay buffer and the assay was performed in this assay. For monastrol experiments in HEK293-Cav1.2 cells, cells were washed twice with Ca-free HB-PS assay buffer and the assay was performed in this buffer. Fluorescence from each plate was monitored for stability of signal. After a uniform response was obtained from the plate in a mock experiment without fluid addition, the measurement with fluid addition was started. The recording consisted of a 30 s period of baseline data followed by addition of compound plate solutions to each well. The effect of the compounds were monitored for 13.5 min, the first 2 min sampled at a frequency of one sample every second and the last 12 min at a frequency of one sample every 5 s. Control data were subtracted from the test article data to remove background changes in the signal. For monastrol experiment, the compounds were prepared in Na-free HB-PS to depolarize cells with a final concentration of 72 mM KCl and an increased extracellular calcium from 0 to 5 mM at the time of fluid addition.
Microtubule Assembly Assays
Microtubule assembly assays were performed using the fluorescence-based Tubulin polymerization kit from Cytoskeleton, Inc. Briefly, 2 mg/mL tubulin (Cytoskeleton) was mixed with DBTS at different final concentrations (30 mM, 10 mM, 3 mM, 1 mM, and 0.5 mM), vincristine (1.5 mM), or DMSO, and the polymerization reaction was performed at 37 C in 20% glycerol, 80 mM PIPES, 2.0 mM MgCl 2 , 0.5 mM EGTA (pH 6.9), and 1 mM GTP and monitored every minute for 45 min in a temperature-controlled plate reader (Beckman) at excitation and emission of 360 nm and 450 nm, respectively.
Clustering Analysis
The TCRPs for the hits were subjected to an agglomerative, hierarchical clustering analysis (http://en.wikipedia.org/wiki/Cluster_analysis) classified into different clusters so that the TCRPs within a cluster shared the same or similar patterns. The algorithm treats each response curve as a separate cluster and merges them into successively larger clusters by continuously calculating distances between TCRP curves, searching for minimum distances and grouping minimum-distance curves into a cluster. The following approaches were taken in the curve clustering algorithm: (1) TCRP curves were normalized at the last measurement time point prior to compound addition; (2) the normalized cell index curves were projected to a common time coordinate using interpolation so that the TCRP curves from different experiments with different impedance-measurement time points can be directly compared and the distances between these curves can be calculated; (3) the Euclidean distance in an n space was used as the distance between two single curves each having n data points; (4) searching for minimum distance between two curves by fixing one curve and moving another one horizontally (time) within a small and given region (4 min) to correct the effects of experimental variations in compound addition time for different wells on the calculation of the distance between different response profiles. In this work, the straight forward Euclidean distance-based hierarchical clustering algorithm is used for demonstrating the profiling of the cell responses based on a time-dependent series data. It is recognized that one may use other approaches for defining the distances between curves or other clustering methods for analyzing the TCRPs.
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